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Glutamatergic signaling is one of the main types of excitatory synaptic transmission in the brain. It plays a key role in the normal
brain function and the cognitive performance. Glutamatergic signaling failure is associated with brain disorders; therefore this system is
considered an essential target of therapeutic interventions. Glutamatergic synaptic transmission is mediated by a set of ionotropic and
metabotropic glutamate receptors including the kainate receptors. These receptors (both ionotropic and metabotropic) are involved in the
process of synaptic transmission by modulating the excitation/inhibition balance. The modulatory effect of kainate receptors is mediated
by the mechanisms that involve the presynaptic and postsynaptic endings, the rhythmic activity of the neural network, the function of the
astroglial network, and the neuron-glial interaction. Thus, a dysfunction of kainate receptors can lead to deviations in the balance between
excitation and inhibition, disorders of the neuronal networks, and even epileptiform manifestations. The present report reviews the major
mechanisms of ionotropic and metabotropic activation of kainate receptors involved in the regulation of synaptic transmission, plasticity,

learning and memory.
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According to the current concept, there are three
major groups of ionotropic glutamate receptors,
named after their selective agonists NMDA (N-methyl-
D-aspartate), AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid) and kainate (kainic acid),
and three groups of metabotropic receptors (mGIuR),
associated with the G proteins (the GTPase family); these
two types of glutamate receptors differ by their structure
and mechanism of action. The ionotropic glutamate
receptors mediate most of the excitatory transmission
in the CNS and play a major role in the regulation
of synaptic plasticity. The glutamatergic signaling is
highly important for synaptic transmission, normal brain
functioning, and cognitive performance; therefore,
interruptions in the normal signaling process can manifest
in clinical disorders. Studying the neurotransmission
pathways mediated by glutamate receptors is one of the
main research tasks of neurobiology today.

Kainate receptors are unique among the family of
glutamate receptors: they represent both the classical
ionotropic and the non-classical metabotropic functions.

The role of kainate receptors (KAR) is not known
well enough as compared with the AMPA and NMDA
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receptors (AMPAR and NMDAR). A major reason for
that is that in addition to ionotropic effects, the kainate
receptors also have a metabotropic effect, which is not
typical. Another problem is that both KAR and AMPAR
show some overlapping sensitivity to most competitive
antagonists such as CNQX and NBQX; in addition, a
selective AMPA agonist can activate kainate receptors.
Despite the fact that new selective agonists for KAR are
being developed, not all of them have due affinities. This
issue complicates studying the receptor functions at the
full scale.

It is known that the long-term potentiation requires
the activation of NMDA receptors and the increase
in expression of AMPA receptors on the postsynaptic
membrane surface and/or the increase in the dendritic
spine size. However, there is also an independent
NMDA receptor that employs the metabotropic signaling
pathways and stimulates the AMPAR incorporation into
the membrane; this one is activated by kainic acid — a
KAR agonist.

A good object for studying the presynaptic functions
of kainate receptors is the synapses of unmyelinated
axons, called mossy fibers, formed by granular cells of
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the hippocampal dentate fascia, where a high level of
expression of the receptor subunits is found. The kainate
receptors participate in the neurotransmission between
the cervical fascia cells and the pyramidal neurons
of the hippocampal CA3 area, showing a positive
response to the release of the neurotransmitter from the
presynaptic terminal and thus depolarizing the axons.
Most of the studies on the synapses of mossy fibers in
the hippocampal CA3 area in vertebrates address the
presynaptic kainate receptors; however, the postsynaptic
functions of these receptors are less studied.

The KAR are expressed mostly in the CNS neuronal
cells. Along with that, glial cells also show the presence
of all subunits of this receptor (MRNA or proteins), often
in co-expression with the AMPA receptor subunits. In
astrocytes, the receptor subunits are located throughout
the entire cell, whereas in oligodendrocytes, they are
mainly limited to the soma. In this case, the glutamate-
induced membrane current in oligodendrocytes is fully
generated via the AMPA and kainate receptors in both
cell culture and brain sections.

The modulating function of kainate receptors is
based on the mechanisms involving the presynaptic and
postsynaptic endings, the rhythmic activity of the neural
network, the function of the astroglial network, and the
neuron-glial interactions. Thus, a dysfunction of kainate
receptors can distort the excitation/inhibition balance
and provoke one or more CNS disorders including
manifestations of epileptiform brain activity.

Classification and functions
of ionotropic glutamate receptors

There are three main types of ionotropic glutamate
receptors (iGluRs), named after selective agonists:
NMDA, AMPA, and kainate [1]. These receptors
mediate most of the excitatory neurotransmission
throughout the CNS and play a major role in synaptic
plasticity. Another type of receptors is represented by 6
receptors; those are also part of the iGluRs group, since
they share homologous fragments with the subunits of
NMDAR, AMPAR, and KAR. Notably, they do not bind
glutamate, and no specific endogenous ligands have
been identified [2].

The AMPA receptors are tetrameric ion channels,
which largely conduct Na* and K* ions; they can also be
permeable to Ca?, which depends on the combination
of their subunits [3]. The NMDA receptors are tetrameric
complexes that can serve both voltage-dependent
and ligand-dependent ion channels [4]. The kainate
receptors are composed from five subunits of GluK1-5
[5] that combine to form tetrameric ion channels, which
are mainly permeable to Na* and K* [6].

In most cases, the permeability of KAR to Ca? is
very low and depends on the composition of the given
receptor complex; the specific combination of subunits
determines the KAR function [7]. The KAR subunits are
similar to the AMPAR and NMDAR subunits [8], but their
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presence in the CNS is more limited. The conductance
of the KAR channel is similar to that of the AMPAR
channel, which is about 20 ps, but the rise and decay
of postsynaptic potentials generated by KAR are slower
than those of AMPAR [9].

To activate KAR [10-12], kainic acid or domoic
acid are needed; these two are strong high affinity
agonists of KAR and AMPAR [13]. High concentrations
of kainate cause recurrent continuing limbic seizures
in rodents; their manifestations resemble those in
human temporal lobe epilepsy [14]. Kainate provokes
behavioral changes, mitochondrial dysfunction, neuron
degeneration, and can eventually lead to death [11, 15].
This detrimental effect of kainate (a non-decomposable
analogue of glutamate that is 30 times more toxic) is
called excitotoxicity [15].

Kainic acid causes depolarization of virtually all types
of brain neurons in mammals; this effect is mediated
by the activation of KAR and AMPAR and depends on
kainate concentration. The currents induced by high
concentrations of kainic acid (>100 uM) occur mainly
through AMPAR, since these receptors populate the
neuron membranes at a higher density than the kainate
receptors [10]. Also, KAR and AMPAR show some
overlapping sensitivity to most competitive antagonists,
such as CNQX and NBQX [16]. In addition, AMPA —
the major AMPAR agonist — can activate various KAR
[8]. For a long time, the lack of specific antibodies
to different KAR subunits made it difficult to study
the distribution of these receptors. Specific antisera
against the KAR — GIuK2, 3 and GIuK5 subunits are
now available, although not all of them show sufficient
selectivity [8]. The low affinity GluK1-3 subunits with
their low affinity for kainic acid can assemble with each
other and form functional homomeric receptors. In
contrast, the high affinity subunits of GluK4, 5 have to
combine with GluK1-3 to become functional heteromeric
receptors [16-18]. The GIuK1 subunit is mainly
expressed in the hippocampal and cortical interneurons,
and the GIuK2 subunit is largely present in pyramidal
cells of the hippocampus, cerebellum and cortical
pyramidal cells [19]. The GIuK1 and GIuK2 subunits
undergo editing at the mRNA level. The replacement of
glutamine with arginine (most frequent substitute) brings
about an almost complete loss of Ca?* permeability
[20]. The GIuK3 subunit is less common; it appears in
the IV layer of the neocortex and in the dentate gyrus
of the hippocampus [21]. GluK4 is mainly expressed in
pyramidal neurons of the hippocampal CA3 area, the
dentate gyrus, the neocortex and Purkinje cells, whereas
GIuKS5 is abundant throughout the entire brain [22].

The kainate receptors play a role in fine tuning of
the balance between excitation and inhibition in the
CNS [12]. They participate in synaptic transmission
both at presynaptic [23, 24] and post-synaptic sites
[25, 26], modulating the excitatory and inhibitory
synaptic transmission [27-29]. Despite their role in
neurotransmission, inhibiting the kainate receptors (or
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genetically ablating one of the subunits) showed no
changes in the brain activity comparable to those found
under the AMPA receptor inhibition [30-32].

Role of presynaptic kainate receptors in synaptic
transmission

Presynaptic KAR play a crucial role in regulating the
process of neurotransmission [33—-34]. Exogenous KAR
agonists regulate the release of the neurotransmitter
both in the excitatory and inhibitory synapses (in the
biphasic regimen), depending on the type of the synapse
and the concentration of the agonist [35-37]. They
modulate neurotransmission between the granular cells
of the dentate fascia and the pyramidal neurons of the
hippocampal CA3 area. Granular neurons of the dentate
fascia receive information from the neocortex and
transmit it to the hippocampus through their axons —
mossy fibers. The bundles of these unmyelinated axons
run along the layer of apical dendrites of pyramidal
neurons of the CA3 area and form synaptic complexes
on them [38]. These synaptic complexes are controlled
by high affinity KAR that are activated by the release
of glutamate from axons, so the presynaptic receptors
can actively depolarize presynaptic boutons or axons,
thus showing a positive response to the release of
the neurotransmitter [39—-42]. A similar effect can be
caused by high-frequency stimulation (25-100 Hz) of
moss fibers. This positive feedback mechanism, which
leads to enhanced activation of KAR and release of
glutamate does not depend on activation of NMDA
receptors [43]. It has been shown that the presynaptic
KAR on mossy fibers are permeable to Ca?* and that
the influx of Ca?* through these receptors facilitates the
release of glutamate from the presynaptic terminal and
the release of Ca? from internal calcium stores [44].
The released glutamate binds to glutamate receptors
on the postsynaptic membrane, initiating the release of
Mg?" and blocking NMDA receptors. The influx of Ca?
through NMDAR channels initiates a chain of events
that can lead to long-term potentiation [45]. However,
the permeability of presynaptic KAR to Ca?" has not
been confirmed; besides, if the synaptic transmission
is susceptible to blockade by KAR antagonists at low
Ca?* concentrations, then high concentrations of Ca?
would overcome this block, indicating an alternative
pathway for Ca?* to enter the presynaptic bouton [43].
Similar Ca?* dependence has been found for the kainate
receptor-mediated regulation of the inhibitory synaptic
transmission in the medial prefrontal cortex [46].

In the hippocampal CA1 area, presynaptic KAR, when
activated by external glutamate or glutamate released
from the Shaffer collaterals, facilitate the release of the
CNS inhibitory mediator y-aminobutyric acid (GABA).
The endogenous glutamate can boost the inhibitory
postsynaptic currents (IPSC), whereas exogenous
agonists can either facilitate or inhibit the transmission
depending on their concentrations [32, 47]. It has been
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shown that by depolarizing the interneurons with kainic
acid, presynaptic KAR can increase the extracellular
concentration of GABA. This is a secondary decrease
in the GABAergic inhibition of pyramidal cells by the
negative feedback mechanism [48-52].

The role of presynaptic receptors in the glutamatergic
excitatory postsynaptic currents (EPSC) induced in
the mossy fibers was also studied [29, 53, 54]. High
concentrations of kainic acid suppress the synaptic
transmission [55-57]. Low kainate concentrations, on the
contrary, enhanced the synaptic transmission via both
AMPAR and NMDAR [58]. The latter effect was blocked
by KAR antagonists, which indicates that KAR participate
in this bi-directional mechanism [59]. According to
some data, kainic acid increases the frequency of
spontaneous IPSC in pyramidal hippocampal cells [35,
50-52, 60-61], which is explained by depolarization of
interneurons [35, 50, 51] or increased axonal excitability
[61]. Other studies, on the contrary, show a decrease
in the amplitude of IPSC induced in the hippocampal
pyramidal neurons [28, 61], which is challenged by
other investigators [61, 62] who failed to observe such a
decrease in IPSC [38].

Thus, studies of the interactions of synaptic-related
cells (interneuron-interneuron and interneuron-pyramidal
neuron/dentate fascia cell) in CA1, CA3 and the dentate
gyrus of the hippocampus showed that the effect of
KAR activation on the inhibitory synaptic transmission
depends on the type of pre- or post-synaptic cells,
concentration of the agonist, synapse type, expression
of subunits and receptor specificity [38].

The non-classical metabotropic activation
of kainate receptors

It is known that the long-term potentiation requires
the activation of NMDA receptors [63] and can include
both the recirculation-dependent increase in the surface
expression of AMPAR on the postsynaptic membrane
and the increase in size of the dendritic spine [64].
However, there is also an NMDAR-independent
mechanism that stimulates the incorporation of AMPA
receptors [65, 66] into the membrane and is mediated
by the metabotropic action of KAR in response to kainic
acid. This mechanism of KAR signaling via G-proteins,
in particular through the Go family and other secondary
messengers, distinguish the KAR from the family of
glutamate-directed ion channels [67]. This signaling
mechanism is not well studied because KAR have a
typical topology of ligand-dependent ion channels that
do not contain normal motifs on C-terminal domains
that would support direct binding to G proteins. This
may indicate the existence of additional intermediary
proteins acting within the receptor—G protein signaling
complex [9]. This non-classical pathway involves the
activation of protein kinase C and phospholipase C,
which induce the NMDAR-independent hippocampal
long-term potentiation, and cause structural changes (in
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size and shape) in neuronal spines of the hippocampal
CA1 region [65]. There is also a KAR-mediated NMDAR-
independent long-term suppression, which can be
caused by prolonged low-frequency stimulation or
postsynaptic depolarization [66]. This kind of synaptic
plasticity, independent of NMDAR activation, exists
also in other areas of the CNS, which indicates the
importance of such non-classical signaling. The above
studies show that KAR have a variety of mechanisms for
fine tuning of neuron activity; therefore, more information
on the physiological role of this metabotropic KAR
signaling is necessary to better understand its role in the
CNS [67-69].

The role of postsynaptic kainate receptors
in synaptic transmission

Post-synaptic kainate receptors have been found in
several locations of the CNS, including the hippocampus
[27, 70], the spinal cord [71], the somatosensory cortex
[72], the cerebellum [73], and the medial entorhinal
cortex [74].

Studies on dissociated neuronal cultures demonstrate
that the activation of postsynaptic kainate receptors
stimulates the surface expression of receptors containing
the GIuK2 subunit [74], and also the development of
filopodia as well as the axonal and dendritic growth [75—
77]. This occurs with the help of metabotropic signaling,
which facilitates the recycling of KAR in the spines with
the help of Rab11-dependent release of the recycling
endosomes towards the head of the spine. These
endosomes are tubular membrane structures associated
with microtubules that mediate the recirculation in the
dendritic spines [78, 79]; it is important to note that these
membranes contain the small Rab11 protein from the
GTPase family [80, 81]. This non-classical metabotropic
pathway mediates a positive feedback system that leads
to an increase in the surface-expressed postsynaptic
KAR associated with GIuK2; the latter exemplifies
a previously unknown self-requlated pathway. This
pathway provides additional flexibility to synaptic
regulation and is likely to have important physiological
and pathophysiological implications for controlling the
neuron excitability and synaptic transmission. A short-
term exposure to kainic acid causes externalization of
KAR, whereas a longer stimulation by kainate leads to
endocytosis and receptor degradation [75, 82]. This bi-
directional feedback system demonstrates an elegant
mechanism of scaling, which increases the number of
KAR on low-active synapses and decreases it on highly
active synapses. Low or moderate activation of KAR
increases endosomal recycling in the spine through the
metabotropic pathway, which involves the activation of
protein kinase C, G protein and Rab11 [74].

The metabotropic action of postsynaptic KAR also
induces NMDA-independent long-term potentiation. This
can occur due to increased activity of voltage-dependent
calcium channels, the influx of extracellular Ca?*, which
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in turn stimulates a calcium release from the calcium
depot [83, 84]. It is also known that the metabotropic
effect of postsynaptic KAR increases the excitability
of neurons by inhibiting hyperpolarization caused by
potassium current in pyramidal cells of the CA1 region of
the hippocampus [85].

The kainate receptors have a wide functional
spectrum of postsynaptic generation of exciting internal
currents in the hippocampus [86]. It has been shown
that a short-term high-frequency stimulation of mossy
fibers causes slow EPSC mediated by postsynaptic
high affinity kainate receptors in CA3 neurons [87,
88]. Some researchers suggest that the GluK1 subunit
can modulate these EPSC, since a GluK1 antagonist
reduced these currents. Similar to the EPSC associated
with presynaptic KAR, increased concentrations of kainic
acid also led to a decrease in the amplitude of EPSC
[85]. EPSC mediated by postsynaptic KAR were found in
pyramidal and fast-specific cells in the second, third, and
fifth layers of the rat motor cortex [89], thalamic cortical
synapses, and pyramidal neurons of the fifth layer of the
neocortex [90, 91].

Kainate receptors and the astroglia function

Immunohistochemical studies demonstrated the
expression of all KAR subunits (MRNA or protein)
in glial cells and their co-expression with subunits
of the AMPA receptor [92-94]. The GIluK1-3 and
GluK5 subunits are present in 50% of astrocytes and
40% of oligodendrocytes. In astrocytes, the subunits
are distributed throughout the cell body, whereas in
oligodendrocytes they are mainly limited to the soma. It
has been reported that the glutamate-induced membrane
current in oligodendrocytes is generated totally by AMPA
and kainate receptors, both in culture [38, 95, 96] and in
brain sections [97, 98]. In addition, the kainate receptors
identified in oligodendrocytes can mediate glutamate
excitotoxicity [99, 100]. Kainate receptors containing
the GIluK1 subunits are essential for the transmission
of astroglia—neuron signals in the hippocampus, where
glutamate released from the astroglia sends a signal
to inhibitory neurons by activating the neuronal kainate
receptors [101, 102]. This addition of glutamate sensors,
expressed in the glial cell membranes, allows the glia to
decipher the neuronal activity, synchronize and integrate
the neuronal, neuron-glial and glia-glial interactions
[103-109].

Kainate receptors and the rhythmic activity
of neural networks

It is known that KAR can facilitate the synchronous
rhythmic electrical activity. An example of this
mechanism in the healthy brain is gamma-oscillations
(20-80 Hz) in the hippocampal and neocortical networks,
which play an important role in learning and memory.
In brain disorders, epileptiform electrographic seizures
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Family of ionotropic glutamate receptors with subunits (top); reactions involving the
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The influx of Ca? through KAR on the presynaptic terminal stimulates the release of glutamate
into the synaptic cleft followed by its binding to the glutamate receptors on the postsynaptic
membrane. This process initiates the release of Mg?* that blocks the NMDA receptors and cause
depolarization; the influx of Ca?* through the NMDAR channels initiates a chain of events that
can lead to long-term potentiation [45]. Here: PKC is protein kinase C; PLC — phospholipase C;

VDCC — voltage-dependent calcium channel

(i.e. periodic high-frequency high-amplitude oscillations)
can be observed. The induction of rhythmic activity by
chemically activating the kainate receptors can generate
stable gamma-oscillations [106, 107] independent of
NMDAR, mGIuRs or AMPAR [108]; kainate injections
able to provoke epileptogenic bursts are used to model
epileptogenesis in animals [109].

The GluK1 and GIluK2 subunits play an important
role in the generation of gamma-oscillations and
epileptiform bursts; small changes in the overall
activity in the hippocampal CA3 area can change the
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balance between excitation and inhibition, causing the
neural network to switch from gamma-oscillations to
epileptiform activity [108, 110]. The absence of GluK1
or GluK2 subunits manifests in the phenotypes with
gamma-oscillations. Thus, in the absence of GluK1, an
increased susceptibility to epileptiform bursts develops
whereas GluK2 ablation did not induce either gamma-—
oscillations or epileptiform bursts. The results suggest
that the GIuK1 and GluK2 subunits play different roles
in the rhythmic activity induced by kainate (see Figure)
[110-113].
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Conclusion

Kainate receptors differ from glutamate receptors
as they have both ionotropic and metabotropic effects.
They perform a number of important functions, such as
mediation and modulation of synaptic transmission to
maintain the balance of excitation and inhibition. The
modulatory effect of kainate receptors is mediated by
the mechanisms controlling the neuron activity and the
function of glial cells. Kainate receptors are commonly
expressed throughout the CNS, mainly in neurons, and
also in glial cells. The kainate receptors act on both
presynaptic and postsynaptic neuron endings, controlling
the excitatory and inhibitory synaptic transmission and
the glia function.

Presynaptic kainate receptors participate in controlling
the release of inhibitory and excitatory neurotransmitters
in the concentration-depending biphasic mode; the
latter represents a homeostatic mechanism. These
receptors act via several pathways to finely tune the
neuron activity; these pathways include the non-classical
metabotropic effect on synaptic transmission through
G-proteins that induces the NMDAR-independent
long-term potentiation. In addition, kainate receptors
contribute to the morphological plasticity and expression
in the dendritic spines of the GluK2-containing receptors.
The glial cell receptor s are sensitive to glutamate
concentrations: excess glutamate triggers the release
of neuroactive substances needed for the integration
of neuronal activity and the mediation of glia-glial
interactions. At the network level, the activation of
kainate receptors is able to synchronize neurons,
causing gamma-oscillations  and/or  epileptiform
activity. Dysfunction of kainate receptors can lead to
disturbances in the balance of excitation and inhibition
and the development of pathological activity of neural
networks. Thus, kainate receptors participate in the
modulation of the rhythmic activity of neural networks, as
well as in the neuron-glial interaction.

Compared with other glutamate receptors, such
as AMPA and NMDA, the kainate receptors are less
known in the literature but worth further research. Since
the non-classical metabotropic signaling via kainate
receptors is involved in the regulation of synaptic
transmission, plasticity, learning and memory, it is
especially important to study their morphological and
functional aspects together with their physiological
and pathological roles in the CNS. This will allow us to
proceed to the study of a new class of pharmacological
targets for the treatment of epilepsy and other CNS
diseases. Therefore, studying the mechanisms
mediated by the kainate receptors of glutamate is one of
the main tasks of neurobiology today.
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